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INTRODUCTION
Orogenic systems may be associated with either advancing or retreating subduction boundaries (Royden and Burchfiel, 1989) . In the former, the rate of subduction is slower than the rate of overall plate convergence, leading to significant shortening of the continental crust within the overriding plate. In the latter, the rate of subduction is greater than the rate of convergence, and, regionally, the overriding plate may be in a state of extension. Within advancing systems, construction of a crustal edifice on the overriding plate occurs as the crust is thickened through shortening and high mountain ranges are formed. This process may be augmented by a net increase in crustal mass of the overriding plate as some of crustal material from the downgoing plate is transferred to the overriding plate. Because of the high topography typically developed within these systems, they are commonly deeply eroded and expose deeper crustal sections from a few kilometers deep to levels locally near Moho depths (the term deeper crustal sections as used throughout the rest of the paper). The Western Alps, Dinarides, and Anatolides are examples of this style of orogenesis, where they form moderate to high mountains without contemporaneous regional extension during their development within the Mediterranean region.
Within retreating subduction systems, the trench moves away from the overriding plate, and the upper plate is generally in regional extension. Nevertheless, shortening and thrusting of sedimentary units commonly occur at the leading edge of the upper plate. The Hellenides, Apennines, and Carpathians are Mediterranean examples of such orogenic systems.
Because regional extension leads to overall thinning of the crust in retreating systems, it is not clear how the deeper crust adjacent to the subduction boundary is constructed or maintained under these conditions. Because of the generally low topography of such orogenic systems, erosion is commonly minimal, and the deeper crust is not exposed. Hence, direct observation of deformational processes in the deep crust is not available for study in such systems, and the mechanism by which the deep crust is developed is not well understood.
In this paper, we focus on the process of crustal construction beneath the external Hellenide thrust belt. This retreating orogenic system is relatively well understood, at least in its external (western) part. Thrusting within the orogen involves detachment of sedimentary rocks at depths of 5-10 km along the leading edge of the orogen. As the trench continues to roll back from the overriding plate during subduction, the way in which crust is added to the overriding plate at greater depth is not clear. As part of our work in the Hellenide region, we have made a series of geological and seismological observations that shed light on how the process of crustal accretion and construction may occur in the Hellenides, as well as in other orogens that have formed in an environment of retreating subduction.
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THE CENOZOIC HELLENIDE OROGEN
The Hellenide orogen lies between the Aegean Sea and the Adriatic-Ionian seas ( Figs. 1 and 2 ). The Hellenide orogen has been one of the classic areas for understanding orogenic processes within the Alpine system of the Mediterranean region. The seminal work of Aubouin (1957 Aubouin ( , 1977 , Aubouin et al. (1963 Aubouin et al. ( , 1970 Aubouin et al. ( , 1976 , and more recent work by Papanikolaou (summarized in Papanikolaou, 2009 , 2013 emphasizes that deformation of the Hellenides was the result of progressive shortening of upper crust from northeast to southwest from the Eocene to present. This is manifested by NW-trending folds and west-vergent thrust faults (Fig. 1) . Extension in the Aegean domain began in Eocene time and is coeval with subduction and thrusting along the retreating Hellenic system (e.g., Jolivet and Brun, 2010; Le Pichon and Kreemer, 2010) .
During the Cenozoic, shortening by thrusting in the northern and southern Hellenides involved mainly similar paleogeographic units, with comparable timing and thrust stacking, until Late Miocene time. The along-strike structures of the external Hellenides have been disrupted in Pliocene time by the ENE-trending central Hellenic shear zone (comprising the Kefalonia-CorinthNorth Anatolian fault systems; Fig. 1 ) separating the Hellenides into northern and southern parts (Papanikolaou and Royden, 2007) . The central thrust structure has been generally preserved, from the southern Hellenides, where thrust structure has been modified by significant Late Cenozoic extension. These extensional structures are exposed on the Peloponnese, Crete, and regions beyond (Royden and Papanikolaou, 2011) .
The differences in structure between northern and southern Hellenides are expressed in the topography of the two domains. The northern Hellenides consist of NW-trending mountain ranges and valleys, while the southern Hellenides have more irregular and generally lower topography. Extension in the eastern internal southern Hellenides has resulted in the region being largely submerged and exposed only on islands ( Figs. 1 and 2 ). In contrast, analogous units present in the internal northern Hellenides are exposed in a series of northwest-trending ranges that ascend to high elevation. Because the southern Hellenides were subjected to superposed extension that has disrupted the original thrust stack, there is considerable uncertainty about how to construct and quantitatively interpret cross sections through the southern Hellenides (Royden and Papanikolaou, 2011) . However, the same extensional structures that complicate our understanding of thrust belt structure in the southern Hellenides also expose deeper parts of the crust, providing data that contribute to an understanding of deep crustal deformation and construction of the deeper crust (e.g., .
In the following sections, we first examine the structure of the northern Hellenides where the thrust geometries are best constrained. Here, it is possible to make a quantitative restoration of thrust sheets, which highlights the problems associated with construction of the deeper crust. Later, we discuss how comparable thrust structures have been disrupted by extensional faulting, complicating the structure but also providing a window into the structure and composition of the deeper Hellenic crust. This offers limited but important data on how the lower crust of the overriding plate is developed during trench rollback.
NORTHERN HELLENIDES
The northern Hellenides expose an upper crust consisting of thin thrust sheets of upper crustal rocks (5-10 km thick). In the east, in the internal Hellenides where the structurally highest units are exposed, lithologies are dominated by metamorphic and metasedimentary rocks. In the west, in the external Hellenides, the thrust sheets are dominated by Mesozoic sedimentary rocks (Fig. 3) . It is in this western part of the thrust complex that restoration can best take place because there is little section missing from the original paleogeographic units as shown by their lateral continuity across the region.
The paleogeographic units within the thrust sheets consist from east (internal) to west (external) of: an oceanic terrane (Vardar zone) of ophiolitic rocks thrust westward above the Pelagonian continental crustal unit; the Pelagonian unit in turn was thrust over the Pindos Mesozoic deep-water unit, which may have been deposited on either a thin continental or locally (?) oceanic crust (Aubouin, 1957) . Structurally below the Pindos unit are thrust sheets of the external Hellenides that form from a broad platform of shallow-water strata underlain by continental crust of varying thickness. These are made up by the Gavrovo-Tripolis, Ionian, and Paxos units (the external Hellenic platform, Figs. 1 and 3 ). All these units were developed by early rifting that has added complexity to the details of their stratigraphy and influenced development of subsequent thrusting.
The internal units of the Hellenides were imbricated and thrust westward in Mesozoic and Early Cenozoic time, and at the end of the Early Cenozoic, the internal Hellenide units were thrust westward above the external Hellenide units. Within the external Hellenides, thrusting began in latest Eocene time and progressed westward through time. Today, continental crust below the eastern Adriatic Sea is being subducted eastward beneath the northern Hellenides, and its sedimentary cover is being detached into west-vergent thrust sheets (Papanikolaou, 2009) .
Beneath the shallowly derived units of the Hellenides in the Mount Olympus area is a thin slice of high-pressure metamorphic rocks that lie above a platform section of Mesozoic rocks. The latter are correlated with the GavrovoTripolis unit exposed to the west in the external Hellenides. West of and below the internal units are slices of ophiolitic rocks lying above and probably derived from the Pindos unit. The Pindos unit overlies thrust sheets of the external Hellenides (Fig. 3) .
The common interpretation of the external structural units in the northern Hellenides is as a series of thrust sheets that involve the Mesozoic and Cenozoic sedimentary rocks that lie above a thrust décollement. This décollement is inferred to extend across the entire width of the northern Hellenides and to separate the Gavrovo-Tripolis, Ionian, and Paxos paleogeographic units from pre-Mesozoic rocks that have not been involved in Late Cenozoic deformation (Fig. 3) . This poses the question as to how the deeper part of the crust has been constructed beneath the external Hellenides. There is a clear issue related to the volume of the deeper crust beneath the Hellenic orogen. The crustal thickness is ~50 km beneath the central part of the northern Hellenides but thins to ~45 km in the east where a large, east-dipping normal fault forms the eastern boundary of the northern Hellenides and separates them from the region of thinner Aegean crust to the east (Pearce et al., 2012) . On the western side of the Hellenides, the crust thins toward the modern subduction zone (Fig. 3) . Because the Gavrovo-Tripolis, Ionian, and Paxos thrust sheets extend across the entire northern Hellenides, the crust below must be constructed from rocks below their décollement. Thus, although the structure of the shallow thrust sheets is fairly clear, the structure of the crust beneath the décollement at the base of these units and its mechanism of construction are not clear.
THE PROBLEM OF THE DEEPER CRUST
Thrust structures exposed at the surface account for the structure of only the upper 5-10 km of crust of the northern Hellenides. These units have been stripped from the downgoing plate and incorporated into the overlying plate during the process of trench retreat and slab rollback. As the downgoing slab continues to roll back to the west and be subducted into the mantle, are deeperlevel rocks, beneath the décollement, transferred from the downgoing to the overriding plate? If not, where does the material come from to build the middle and deep crust of the northern Hellenides? If so, then how much crust is transferred from the lower to the upper plate, at what depth, and what structures accommodate this transfer? Because the Gavrovo-Tripolis, Ionian, and Paxos thrust sheets extend across the entire northern Hellenides, the crust below must be constructed from rocks below their décollement. Because of initial rifting during their development, the details of the structure of the thrusted units are complex, but do not change the first order interpretation of the structure.
Reconstructions by Royden and Papanikolaou (2011) based on analysis of isostasy, paleogeography, and modeling of subduction rates indicate that, prior to subduction, the continental crust of the shallow-water external Hellenic platform was probably ~25-30 km thick and ~550 km wide (Fig. 4) . They conclude that 12-18 km of continental crust were stripped from the subducting plate and incorporated into the upper plate crust. Volumetrically, this provides for almost all the crust beneath the northern Hellenides to be derived by accretion from the downgoing plate via the following estimates.
A cross-sectional area of ~12-18 km × 550 km 2 (or ~7000-10,000 km 2 ) has been removed from the downgoing plate and added to the overriding plate. The current width of the northern Hellenides is ~270 km, with an average crustal thickness of ~40 km, for a total cross-sectional area of ~10,800 km 2 . Thus it is plausible that the crust of the northern Hellenides is composed almost exclusively of material scraped off from the subducting Adriatic plate. Moreover, if the Adriatic crust was ~30-35 km thick prior to subduction (see Di Bona et al., 2008) , then approximately one third to half of that crust has been incorporated into the northern Hellenides, and the remainder subducted to depth. If correct, then there must be deep levels below the Gavrovo-Tripolis, Ionian, and Paxos detachment, where crust has been transferred from the Adriatic plate to the northern Hellenides during subduction. We assume the entire northern Hellenides was built by Paleogene and younger shortening-hence, the volume balance. Reconstruction of sedimentary units in the belt gives a minimum of 550 km. This is consistent with geodynamic modeling with 10-15 km removed from the 550 length of the plate.
MIDDLE AND LOWER CRUST
We propose that middle and lower crust of the northern Hellenides may have been formed by slices removed from the Adriatic continental crust as it was subducted. These slices were accreted at depth (below the décollement at the base of the Gavrovo-Tripolis, Ionian, and Paxos units) to form the middle and lower crust (Fig. 5) . At the same time, the shallow-level thrust sheets of the Gavrovo-Tripolis, Ionian, and Paxos units, which form the uppermost crust, were detached from the subducting plate at shallower depth and, due to the east dip of the subducting plate, farther to the west. Many of the details of this process remain unclear. Figure 5 is a preliminary and simplified interpretation of how the middle and lower crust might be constructed during subduction. There is little evidence available for a detailed analysis because in a retreating subduction system that has experienced little erosion, complete unreworked crustal sections are rarely exposed except by extension, such as in the southern Hellenides.
Based on the isostatic and subduction models of Royden and Papanikolaou (2011) and seismic profiles presented in the following section, we propose the following. Slices of crust from the downgoing Adriatic plate have sheared off and progressively accreted to the upper plate. In addition to the shallowest level of detachment, a deeper level system has also transferred crust from the downgoing to the overriding plate, forming deep imbricated structures in the overriding plate. The reminder of the Adriatic crust has subducted with the downgoing slab (Fig. 5) .
The seismic data presented below suggest that these deeper level crustal slices are detached at, or move downward to, depths of up to 30 km, before final transfer and accretion to the overlying edifice (Fig. 5) . Because of the gentle eastward dip of the subducting plate at shallow depth, the subhorizontal décollement at the base of the upper crustal thrust sheets (Gavrovo-Tripolis, Ionian, and Paxos units) extends considerably farther toward the foreland (west) than where the deep slices are detached from the downgoing crust. The base of these deeply accreted slices might be expected to form a very irregular base to the crust raising the question of how a subhorizontal and well-defined Moho has been formed beneath the northern Hellenides. This Moho must have been formed across the region where the subducted slab carrying both lithospheric mantle and the remainder of the continental crust passed into the mantle during its rollback.
The transition from the pre-orogenic shallow-water carbonate sedimentation to the synorogenic flysch occurred throughout the external carbonate platform of the Hellenides in Late Eocene (Priabonian) and lasted until the late stages of the Miocene (except in the most external Paxos unit, where flysch occurred in Late Oligocene and lasted until the Middle-Late Miocene). Thus the period 35-25 Ma is the crucial period when the orogenic migration from Olympus to the Ionian and Paxos units took place. This contrasts with the Pindos and inner units, where the transition to flysch occurred in late Maastrichtian and lasted throughout the Paleocene and Early-Middle Eocene, mainly during the period from 64 to 45 Ma. If the present-day geometry of the subduction system is an indication of past subduction geometry, then the subducting slab 35 m.y. ago would have been in the position of Olympus below the easternmost Gavrovo-Tipolis thrust now at the surface. By rollback, the slab would have migrated westward through the region below the upper crustal thrust sheets to its present position. Therefore the rollback of the subducted slab would have passed through the region of the presently well-developed Moho, indicating that a relatively smooth Moho has been formed, and perhaps modified, within the region through which the slab rollback took place. Moho formation by processes related to magmatic activity can be largely rejected for the northern Hellenides because there is no Late Cenozoic magmatism known in this part of the orogen.
Seismic imaging data across the northern Hellenides (Fig. 6 ) supports the general structural features as interpreted from the geologic cross section (Fig. 5) . Thrust sheets of the Gavrovo-Tripolis, Ionian, and Paxos units are expressed by the low seismic velocities in the upper 10-15 km of the crust. Migration profiles also define a well-developed Moho across most of the image at a maximum depth of ~50 km. The crust thins east and west in a manner similar to that inferred from the topographic elevation and shown in the geologic cross section (Fig. 3) . Importantly, the tomographic image shows an east-dipping, imbricate-like character to the lower crust. We interpret this as an imbricate structure within the lower crust that does not extend below or through the Moho nor to the shallowest crust, above the shallow-level décollement across the northern Hellenides.
In our interpretation of the geologic and seismological data, the crust must contain at least two structural levels separated by important discontinuities, a shallow upper crust with a basal décollement lying above an imbricated middle and lower crust decoupled from the mantle below. The base of the Burchfiel et al. | Crustal development within a retreating subduction system: The Hellenides GEOSPHERE | Volume 14 | Number 3 lower decoupling zone that is now the Moho must have been generated by processes that postdate the imbrication of the middle and lower crust. Moho formation within the retreating subduction zone has occurred rapidly as indicated by the tomographic profile, where most of the Moho must have formed progressively during the past 35 m.y. This smoothly developed Moho extends westward to very close to the position where the downgoing slab currently intersects the base of the overriding crust. The Moho in the migration profiles (Fig. 6) is poorly defined only in its westernmost part where the process of crustal structure formation and modification is active.
The crust below the thrust sheets in the northern Hellenides must be derived from part of the continental crust of the Paxos, Ionian, and GavrovoTripolis units because crust originally below the more internal thrust sheets must lie east of Olympus below the Aegean Sea and/or partly or wholly subducted by earlier subduction east of the cross section. This geometry shows that the thrust sheets and the middle and lower crust east of the subducted slab cannot be derived from the present-day slab but must have been derived during successive positions of the slab during its retreat when it lay farther east than the present slab position. Only the parts of the subducted slab that lie within or west of the wedge lying below the developing thrust belt are available to contribute to construction of the middle and lower crust.
The structural elements that appear in the migration profiles are not exposed in the northern Hellenides. However, extensional structures that overprint and complicate the regional expression of the thrust structures in the southern Hellenides also expose portions of the crust that lie below the Paxos, Ionian, and Gavrovo-Tripolis décollement. These extensional faults expose deeper units containing geological data that bear on the nature of the formation of the middle and lower crust.
SOUTHERN HELLENIDES
The southern Hellenides are exposed mainly in the Peleponnese south of mainland Greece and display the continuation of Cenozoic tectonic units from the northern Hellenides (Fig. 7) . However, these thrusted units were here subject to major extension beginning in Middle Miocene time and continuing to the present (Burchfiel et al., 2008; Papanikolaou and Vassilakis, 2010) .
Differences in the structure and evolution of the northern and southern Hellenides became significant by Early to Late Miocene time. Prior to Late Miocene time, continental or transitional lithosphere was subducted beneath both the northern and southern Hellenides, resulting in slow rates of subduction and rather limited extension of the upper plate. In Late Miocene time, dense oceanic lithosphere of the Ionian Sea entered the subduction zone south beneath the southern Hellenides (south of the central Hellenic shear zone), while lower-density continental lithosphere continued to be subducted beneath the northern Hellenides (Royden and Papanikolaou, 2011) .
As a result, the rate of subduction increased beneath the southern Hellenides to 35 mm/yr, ~25-30 mm/yr faster than beneath the northern Hellenides. The difference in subduction rate beneath northern and southern Hellenides is well expressed by GPS data (McClusky et al., 2000; Reilinger et al., 2006) . The increase in subduction rate to the south was accommodated by the increase in the speed of trench rollback and, in part, by extension that disrupted the thrust stack in the southern Hellenides. Other phenomena, such as the westward movement of Anatolia, also may have helped to accommodate the increase rate of trench retreat (i.e., Şengör et al., 2005; Le Pichon and Kreemer, 2010) .
As a result, the southern Hellenides in the Peleponnese were subjected to large magnitudes of extension and contain numerous large normal faults, some of detachment character (Papanikolaou and Royden, 2007) . These faults dip both east and west, cutting the Paxos, Ionian, and Gavrovo-Tripolis décolle-ment, and exposing in their footwalls the rocks below the décollement. Across the Peloponnese, where this basal décollement is exposed in extensional windows, it is clear that the upper crust thrust faults of the Paxos, Ionian, and Gavrovo-Tripolis thrust system do not cross the basal décollement and do not involve the metamorphic rocks beneath the décollement (Fig. 1) . This is an important observation that can only be inferred, but not directly observed, in the northern Hellenides. However, because the extensional deformation of the southern Hellenides is quite complex, and cannot at present be quantitatively restored, a precise reconstruction of the deeper crust beneath the southern Hellenides is not yet possible.
In our interpretation, the southern Hellenides formed initially by the same process of crustal formation as in the northern Hellenides. However, the structure of the thrust belt in the southern Hellenides differs somewhat from that of the northern Hellenides in that at least some of the shallow-water units have been involved in partial subduction and exhibit a moderate metamorphic grade (Fig. 7) . Because of superposed extension during Middle Miocene and later time (ca. 8-12 Ma), there are exposures of the deeper metamorphic rocks, such as the Arna and Mani units. In some papers, these are referred to as the quartzite-phyllite and Plattenkalk units, respectively (Brix et al., 2002; Jolivet et al., 2013) .
The Arna unit consists of metamorphic rocks that include Triassic metapelite, quartzite, conglomerate, minor limestone, and locally slices of Paleozoic basement rocks (see recent review by , and also discussion by Papanikolaou and Vassilakis, 2010) . Within the Arna unit are slices that have been metamorphosed under different high-pressure and/or low-temperature (HP/LT) conditions with maximum conditions of 16-18 kbar and 500-550 °C in the Peleponnese . The slices have been juxtaposed so that their P-T conditions vary irregularly both vertically and laterally, suggesting complex relative movement of these rocks during the accretion process (and unlike what is shown on the simplistic cross sections from the northern Hellenides) (Fig. 5) .
The Mani unit consists of Triassic to Eocene platform and pelagic limestone, metamorphosed to greenschist grade but never attained the HP regime of the overlying Arna unit. The Mani unit is commonly interpreted to be a part of the southern Hellenides derived from a location external to the Gavrovo-Tripolis unit (i.e., part of the Ionian unit). If correct, this suggests that during crustal construction, some fragments of Mesozoic rocks equivalent to those present in the thrust sheets were carried to depth and incorporated into the imbricate structure below the Paxos, Ionian, and Gavrovo-Tripolis décollement. In contrast, in the northern Hellenides, there is no evidence for section missing from the external paleogeographic elements. There are no exposures of rocks below these metamorphic units, and they represent only the uppermost part of the imbricated crustal section below the Paxos, Ionian, and Gavrovo-Tripolis décollement. There remains more than 20 km of middle and lower crust below them (Pearce et al., 2012) .
The process of rollback may not be uniform, and conditions may have only sometimes been favorable for the emplacement of HP/LT rocks into shallower levels as discrete slivers. The thin slices of the HP/LT rocks that form the Arna unit are exposed only within the footwalls of extensional faults . These rocks are not present within the thrust sheets above the décolle-ment and are thus restricted to the sub-décollement crust. These rocks are usually bounded above and below by rocks that never were exposed to the HP/LT conditions, indicating they have moved from deeper to shallower levels while remaining in the subduction channel. These slivers within the Arna unit were redeformed by younger upper crustal extension on low-to high-angle faults.
It is at present difficult to determine which kinematic indicators are related to their movement from depth into the imbricated crustal section and which are related to younger reworking by extension. However, it is clear that there has been complex movement of these middle and lower crustal rocks during the accretion process.
CRETE: DEEPER LEVEL EXPOSURE OF THE CRUST
The Island of Crete contains the eastward continuation of structural elements of the Peloponnese with exposures of yet deeper levels of the crust, yielding additional insight into deformation of the Hellenic crust. The upper crust on Crete contains thrust sheets of the inner Hellenides that were emplaced in early Cenozoic time and originated from terrains north of the Pindos unit ( Fig. 8; Fig. 7 , units 6-10). During Oligocene and Early Miocene time, these were thrust southward onto the Pindos deep-water unit, which in turn was thrust southward onto the external Hellenide units of Gavrovo and Tripolis (Fig. 7, unit 4) . As in the northern and southern Hellenides, all of these units are detached from the underlying rocks that form the upper part of the deeper crust (Fig. 7) . Unlike on the Peloponnese, where only limited outcrops of the deeper crust lying below the upper crustal detachment are exposed in narrow windows, on Crete, subdetachment units are exposed for lateral distances that demonstrate they are thin sheets for at least 5 km within the crust. Unfortunately, there are no deeper exposures of the lower crustal units. Mapping of the subdetachment units shows they form thin subhorizontal sheets (Fig. 7, units 1[?] , 2, and 3) that were metamorphosed to both lower and medium grade and were interleaved with distinct metamorphic breaks between them (Papanikolaou and Vassilakis, 2010) . On Crete, the Arna unit (Fig. 7, unit 3 ) was metamorphosed at 400 °C and 8-12 kbar and lies below basal units of the overlying décollement (Tyros beds) metamorphosed at 300 °C and 2-4 kbar and above the West Crete unit (Fig. 7, unit 2) , which was metamorphosed at 350 °C and 3-5 kbar. The Mani unit, the most external unit of the Hellenides exposed on Crete, was metamorphosed at low grade during its thrusting below the Ionian and Gavrovo units (Fig. 7,  unit 4) . The imbrication of these units shows a complex tectonic interlayering of units during formation of the upper part of the lower crust. Unfortunately, even though deeper levels of the lower crust are exposed in Crete and in the Peloponnese, there are no exposures anywhere in the Hellenides of the deepest crust, corresponding to perhaps the lower half of the crust that was formed during construction of the Hellenide crust during thrust sheet stacking. At present, we can only infer that the style of imbrication in Crete would continue at depth.
In Middle Miocene time, Crete experienced important extension of the thrust sequence. This extension disrupted many of the original thrust contacts by superposing a normal component of slip on original thrust contacts, a structural feature similar to that in the Peleponnese (Fig. 7) .
IMBRICATION OF CRUSTAL SLICES AND FORMATION OF MOHO-DISCUSSION
Geophysical examination of the active subduction geometry shows a well-developed subducted slab to at least 75 or 100 km depth, penetrating below the level of the present-day upper plate Moho (Fig. 6) . It also shows a well-developed Moho beneath the southern Hellenides that extends westward, without apparent disruption, to within a few tens of kilometers of the subducted slab. There is a similarly well-developed upper plate Moho beneath the northern Hellenides, but here there is an apparent break in the Moho approximately 100 km east of the trench. Both regions show a somewhat irregular nature to the velocity structure in the lowermost westernmost Hellenide crust suggestive of possible east-dipping imbricate character. Unfortunately, interpreting the migration profiles at depths less than 15-20 km is difficult due to a variety of factors including operator aliasing and multiple sources of contamination (see Pearce et al., 2012) .
No matter how the slices of the crust of the subducting slab are sheared off and incorporated into the overriding plate, rollback of the subducting slab cannot be a continuous process at this deeper level. Instead, the upper surface of the downgoing slab must step back episodically as slices of crust are removed from the slab at depth. This does not imply, however, that deeper subcrustal levels of the subducting plate or those that penetrate into the mantle do not roll back continuously. The detached slices probably remain in the lower and middle crust and do not all extend to the same depth. Some slices may pass to depths below the present-day Moho and form HP/LT rocks, such as in the Arna unit, and later return to shallower depth. The metamorphic conditions of the Arna unit indicate that it must have passed below the depth of the present-day Moho. Therefore, the Moho developed after the slab migrated through the region now forming the middle and lower crust. This implies that the formation of the Moho must be a process that smooths out irregularities in the crust and/or mantle interface. Such processes can only be speculated about but may be related to the problem of mantle flow toward the trench during slab rollback. It is plausible that ductile processes of flow in the mantle and in the lowermost crust are involved in forming a new Moho and in modifying lower crustal structure (see, for example, Jolivet and Brun, 2010; Jolivet et al., 2013) . Tirel et al. (2013) have presented a model based on the metamorphic rocks in the southern Hellenides, including Crete, that interprets the metamorphic rocks in the exposed crust as having been subducted, sheared from the downgoing plate, and rising into the upper crust to form an imbricate stack of structural slices that become younger toward the subduction zone. They liken the emplacement of these slices to a "caterpillar walk. " Some slices show they reached depths of more than 50 km (i.e., 17 kb), but Tirel et al. (2013) interpreted them to have moved upward by space created by the trench retreat, ex- tensional exhumation, and positive buoyancy controlled by the velocity of the trench retreat. This model is not unlike what we propose, but differences are significant. They show the faults bounding the slices to have formed during subduction as throughgoing from the surface to depth, whereas we suggest these faults only shear off crustal slices from the downgoing slab below a regional décollement at the base of the thrust belt. Tirel et al. (2013) do not address in more detail the formation of the crust from the décollement to the base of the crust to be made of a small percentage of the subducted continental crust. Additionally they do not address the formation of a new upper plate Moho that must have formed across the subducted crustal fragments. The stacking of the slices in the crust show juxtaposition of different metamorphic grades that suggests there are complex motions in the accretion of these slices into their final positions. For them, as well as for us, the detailed extensional overprint on the accreted slices in the crustal stack remains unresolved in detail. Future work needs to focus on the timing and shear sense of boundary shear zones to determine how and when extensional tectonism overprinted earlier convergent activity and the role played by structures formed during initial rifting.
CONCLUSIONS
The process of crustal construction within the retreating subduction system of the Hellenides takes place at two crustal levels. In the upper crust, Meso zoic and Cenozoic sedimentary rocks are stripped from their basement and lie above a regional décollement. This occurs in the frontal and shallow part of the subduction zone (see, for example, Huguen et al., 2001) . The middle and lower crust are formed from detached slices derived from the crust of the subducting slab and accreted to the upper plate. These slices may form the imbricated structure imaged in our tomographic profiles in both the northern and southern Hellenides.
Paleogeographic reconstructions of the northern Hellenides suggest that perhaps half to one third of the crust of the subducting slab has been accreted into the middle and lower crust; the remaining crust must have been subducted with the lithosphere. The slices of continental crust sheared from the subducting plate appear to have an imbricated and complex internal structure. The upper part of this structure is exposed in the southern Hellenides where sub-décollement crust is exposed by late Cenozoic extensional faulting. Some of the sub-décollement slices of crust were moved to significant depths and affected by HP/LT metamorphic conditions; these slices were subsequently returned to higher structural levels and juxtaposed between slices that never were subjected to such metamorphic conditions. The processes of slice detachment and accretion are thus somewhat irregular and complex. This is further emphasized in the southern Hellenides by the subduction of part of the upper crustal section in the Mani unit to middle crustal levels.
While the process of rollback may be a continuous process at mantle depths, it is a stepwise process in the accreted lower and middle crust, where the downgoing lithosphere rolls back in steps as each slice that shears off is left behind in the middle and lower crust. During rollback, the accreted crustal slabs may have had a very irregular base. As the subducted lithosphere rolled back beneath the Hellenides, it passed through the position of the present well-defined Moho, indicating the formation of the Moho is a geologically rapid process. The Moho beneath the Hellenides formed during the past 35 m.y., and the tomographic images show that the Moho is well developed close to the zone of active subduction. The nature of the smoothing process remains unclear, but it may be related to flow and/or shear in the upper mantle; it is probably not related to magmatic underplating because there is no magmatism in the northern Hellenides or the Peloponnese of the southern Hellenides. Such processes of middle and lower crustal construction should be common to all retreating subduction systems. For example, similar relations are present in the Carpathians, where there is a two-layered crust structure and the present-day Moho below the East Carpathian thrust belt, a belt formed by rollback during Late Miocene to present, shows a similar well-developed Moho with no expression of the subducted crust that must have rolled back beneath the thrust sheets (Knapp et al., 2005; Fillerup et al., 2010) .
